Influenza can have a dramatic effect on mortality [1] . However, the role of influenza vaccination in preventing death is poorly quantified, because many deaths are due to secondary pneumonia or acute exacerbations of chronic medical conditions, such as chronic lung or heart disease [2] , and because the role of influenza in death is not routinely documented in mortality statistics [3, 4] . Only observational studies of protection by in-fluenza vaccination against more serious outcomes exist. One of these studies, a recent historical cohort study performed in the United States during the winter of 1998-1999, suggested that influenza vaccination had a protective effect of 48% (95% confidence interval [CI], 43%-53%) against death due to all causes [5] . Another study, which was performed in the United Kingdom during the influenza epidemic of [1989] [1990] and which was based on much smaller numbers of patients, noted that the effectiveness of influenza vaccine was 74.7% (95% CI, 21.2%-91.9%) [6] . One of the main issues associated with such observational studies is that individuals who are vaccinated tend to be healthier than individuals who are not vaccinated; this may potentially lead to overestimation of the effectiveness of the vaccine [7] . Randomized trial data indicate that, for elderly individuals, influenza vaccination is only 58% effective in preventing virologically confirmed clinical influenza [8] ; therefore, large effects of vaccination on mortality appear to be unlikely.
Yearly vaccination is required because of viral antigen drift and unpredictable, occasional antigenic shifts that make existing antibody levels in the population no longer protective. The UK program of targeted influenza vaccination for people with underlying medical disorders was expanded in 1998 to include all people у75 years of age, and, then, in 2000, the program was expanded again to include all people 164 years of age. We conducted a historical cohort study of the effectiveness of annual vaccination of persons 164 years of age over a number of epidemic and nonepidemic years.
Influenza A (H 3 N 2 ) was the predominant subtype noted during 7 of the 10 years from 1989 to 1999. The 3 influenza B seasons occurred in 1990-1991, 1992-1993, and 1994-1995 . Only 2 of the influenza B seasons (1992-1993 and 1994-1995) were considered to be seasons during which influenza was mild, as was 1 of the influenza A seasons (1997) (1998) . In all years, the Public Health Laboratory Service (part of the United Kingdom's Health Protection Agency since 1 April 2003) recorded a very good match between the influenza strains that were circulating and the vaccine strains that were used, except for the 1997-1998 season, for which the H 3 N 2 strain was antigenically different from that used in the vaccine and was reported with increased frequency as the season progressed [9, 10] .
METHODS

General Practice Research Database (GPRD) data set.
In the United Kingdom, general practitioners (GPs) provide, for a defined list of patients, all ambulatory care as well as referrals for hospital-based care provided by specialists. The UK GPRD is an ongoing computerized data set of the routine records of GPs from several hundred selected practices. All data on prescriptions and vaccinations, together with any data on severe illness requiring referral to the hospital and data on deaths, have been obtained since [1989] [1990] or since the time when individual practices joined the scheme. Routine recording of hospitalizations began in April 1990. Records of clinical activities are complete and have good validity [11] for prescriptions [12] , hospitalizations [12, 13] , and morbidities not necessarily resulting in a prescription [14] . Mortality rates from the GPRD are similar to national rates (S. Jick, unpublished data). In GPRD records, information on any medical condition noted on the day of death accords well with information on death certificates. Of information on 170 deaths noted in the GPRD, only information on 11 of these deaths was not concordant with the information on the immediate or underlying cause of death noted on the death certificate (S. Jick, unpublished observations). For technical reasons, general practices that used ViSion software (In Practice Systems), which was introduced in 1995, were not included in the GPRD at the time that the present study was conducted.
The general practices included in the study were restricted to England and Wales, because hospitalization patterns in these countries vary from those in Scotland. In 1993, these practices represented 3.8% of the population of England and Wales [15] . The subjects are generally representative of the population in terms of age and sex [15, 16] . Data on individual socioeconomic status were not available.
The present study linked influenza vaccination to subsequent hospitalization and death, for individual patients registered in these practices over 10 years. Patients 164 years of age were identified and included in the study if they were registered on the first day of the week that included 1 September each year. These patients contributed person-time to the study until either death or "transfer out" of the practice.
End points. Diagnoses of acute respiratory illnesses (i.e., influenza, pneumonia, and acute bronchitis/bronchiolitis [International Classification of Diseases-Ninth Revision, or ICD-9, codes 487, 480-486, and 466, respectively]) that were considered to be the reason for hospitalization were judged to be the most appropriate marker of admissions to the hospital for pneumonia and influenza, because it is difficult to distinguish clinically between these 3 syndromes. Seventy percent of all deaths that were defined, according to ICD-9 criteria, as being respiratory related (i.e., "respiratory chapter deaths") were reported as acute respiratory illnesses. Because a substantial minority of GPs could have noted only an underlying respiratory cause for influenza-associated deaths, all respiratory-related deaths were examined.
Exposures. Person-weeks that followed 15 November each year were designated as "vaccinated" or "not vaccinated," according to whether subjects had been vaccinated against influenza at the start of each week. In all years except 1989-1990 (i.e., 77% of years assessed), 185% of vaccine recipients had been vaccinated by 15 November.
To assess the effect of expansion of influenza vaccination, in 1998, to all individuals 164 years of age, subjects were stratified into 2 groups according to the degree of risk for influenza. The high-risk group had medical disorders that most closely matched Joint Committee on Vaccination and Immunisation (Department of Health, London, United Kingdom) recommendations for targeted influenza vaccinations up to 1998 [17] . These disorders included chronic respiratory disease, including asthma; cardiovascular, renal, and liver disease; immunosuppressive conditions; and metabolic diseases, such as diabetes.
Controlling for possible confounders. To control for the presence and severity of underlying illness in vaccinated individuals, compared with individuals who were not vaccinated, we extracted data on the number of repeat prescription items for drugs for the cardiovascular, respiratory, and endocrine systems; the central nervous system; infections; malignant disease; and immunosuppression; as well as for nutrition and blood [18] (also available at http://www.bnf.org) during the preceding 12 months. Rates of hospitalization increased with increasing numbers of prescriptions ( , for linear trend), P ! .001 for both high-and low-risk subjects; this finding confirmed that repeat prescriptions would be a good marker of underlying ill health requiring hospital care. Information on smoking was not used in the present study, because there was incomplete and biased recording of such information in the GPRD for patients 164 years of age (GPRD, unpublished data).
The effect of influenza vaccine on mortality and hospitalization rates was also stratified by season, to assess for the presence of confounding from factors other than from underlying illness (i.e., for effects resulting from unmeasured differences between vaccinated and unvaccinated individuals). If unmeasured differences existed (e.g., if lower levels of smoking were noted for vaccine recipients), an apparent effect of the influenza vaccine would be seen in either the peri-influenza season or the summer season. Because it is plausible that some confounders might have a greater effect in winter than in summer (e.g., because of an association with other respiratory infections that occur in the winter, such as respiratory syncytial virus), we assigned more importance to the peri-influenza season, rather than the summer season, to assess the effectiveness of influenza vaccination. The "influenza season" in each year was defined using GP consultation rates for influenza-like illness that has been validated against the presence of circulating influenza virus in the same population [19] . In this surveillance system, the onset and the end of the influenza season occurred when consultation rates for influenza-like illness increased to у50 consultations/100,000 person-weeks and decreased to !50 consultations/100,000 person-weeks, respectively [19] . The "periinfluenza season" was defined as the weeks during the winter period that were outside the influenza season from 15 November each year to the end of April. The end of April was the latest end point of one of the influenza seasons in the 10-year period. The "summer season" was defined as the period from 1 May to the end of August each year.
Statistical analysis. Poisson regression was used to obtain rate ratios (RRs) for vaccinated individuals and for individuals who were not vaccinated against influenza, by use of data pooled over the course of 10 years. Analyses by year were also performed to check for consistency. Confounding was assessed by analyses of the RR for vaccinated individuals, compared with nonvaccinated individuals, adjusted for each baseline characteristic separately and compared with the unadjusted RR. All variables that were found to have a confounding effect and/or were found to be significant ( ) were included in the final model.
It was assumed a priori that influenza vaccination would be protective in the influenza season and not in the peri-influenza season or summer season (i.e., the season acts as an "effect modifier" on influenza vaccination). The presence of other possible effect modifiers was explored using interaction terms. The interpretation of any statistically significant effect modification took into account the large sample size of 1.7 million personyears over the course of 10 years, which could generate statistically significant results that were not necessarily of public health relevance. Important effect modification was therefore decided by (1) a difference in RRs across the strata of the variable set, a priori, with a minimum absolute difference of 10% in the RRs and (2) statistically significant interaction terms in у7 of the 10 years in the analyses, by year. This was thought to be appropriate, because, in some years, not much influenza activity was seen. Any variables that met the set criteria were then fitted as interaction terms in the final model. The RRs were estimated separately for each level of the variables that modified the effect of influenza vaccination, adjusted for the remaining confounding variables.
Vaccine effectiveness was calculated as . The (1 Ϫ RR) ϫ 100 95% CIs were calculated similarly. If the RRs were lower in the influenza seasons than in the peri-influenza seasons, additional evaluation of the reduction in the rates of hospitalization for respiratory disease attributable to influenza vaccination (i.e., attributable rate reduction) was done. Directly standardized rates, which were standardized for risk category, sex, and repeat prescriptions, were first calculated for the vaccinated cohort, compared with the unvaccinated cohort. The standard population used was the whole cohort. The attributable rate reductions were then calculated as the difference in the directly standardized rates of hospitalization for vaccinated individuals, compared with unvaccinated individuals. The CI for the difference was calculated using the variance for the difference between the standardized rates, based on the sum of the weighted variances of both rates. The data were analyzed using STATA 7 (StataCorp) [20] .
RESULTS
Overall vaccination coverage at the start of each winter season, for all individuals 164 years of age, increased from 18% in 1989-1990 to 42.6% in 1998-1999. Each year, and when data were pooled over 10 years, vaccine recipients were more likely than nonrecipients to be older ( ), to have underlying P ! .001 medical disorders ( ), and to belong to the category of P ! .001 patients with the highest number of repeat prescriptions (P ! ). They also were less likely to have had no repeat pre-.001 scriptions (
). Approximately 4% of influenza vaccine P ! .001 recipients and individuals who did not receive influenza vaccine had not been registered for 1 year before 1 September. These individuals were excluded from further analyses. b Defined using general practitioner consultation rates for influenza-like illness that has been validated against the presence of circulating influenza virus in the same population [19] . In this surveillance system, the onset and the end of the influenza season occurred when consultation rates for influenza-like illness increased to у50 consultations/100,000 person-weeks and decreased to !50 consultations/100,000 person-weeks, respectively [19] . c Defined as the weeks during the winter period that were outside the influenza season from 15 November each year to the end of April. d Defined as the period from 1 May to the end of August each year. e Pooled over 9 years. f Years during which influenza activity was considered to be mild.
Effectiveness of influenza vaccine against hospitalizations.
Crude rates of admission to the hospital for acute respiratory disease were higher among vaccinated persons than among unvaccinated persons. After adjustment for risk, age, and repeat prescription status, however, vaccine effectiveness was 21% (95% CI, 17%-26%) in the influenza season, over the 9 years of varying influenza activity. No important effect of the vaccine against hospitalizations for acute respiratory disease was seen outside the influenza season (table 1) . The effectiveness of influenza vaccine was also lower in years in which influenza activity was considered to have been mild. No important effect modification of vaccination by age was found. The effect modification by category of risk was considered to be of borderline importance, because it was seen in 6 of the 9 years of varying influenza activity (data not shown), and, over all years, the difference was small and nonsignificant (table 2 and Effectiveness of influenza vaccine against mortality. Crude rates of respiratory-related death were markedly higher among vaccine recipients, compared with nonrecipients, but less so in the influenza season. Adjusting for confounding by risk, age, and prescription category reduced the crude relative risk of death due to respiratory disease in the influenza season from 1.32 to 0.88, providing a summary vaccine effectiveness of 12% (95% CI, 8%-16%) over 10 consecutive years. No effect of influenza vaccine was seen in the other seasons (table 3). Little effect of influenza vaccination on death due to respiratory disease was seen in 2 of 3 nonepidemic years (i.e., 1994-1995 and 1997-1998 ). There was a suggestion of a protective effect against death due to respiratory disease in the third year during which influenza activity was considered to be mild (1992) (1993) . In 1 year (1995 In 1 year ( -1996 , the effectiveness of influenza vaccine against death due to respiratory disease was as high as 23%.
For 6 of 8 years, the effect of vaccination differed for individuals at high risk for influenza versus individuals at low risk for influenza, and age modified the effect of the vaccine in 4 of the 10 years. When data were pooled over all years, influenza vaccination appeared to be effective only in individuals р84 of age, and it provided better protection to low-risk individuals (figure 2). A 21% (RR, 0.79) effectiveness of vaccine against death due to respiratory disease was seen among low-risk patients aged 65-84 years, after adjustment for age and other confounders over 10 years (table 4) . For high-risk individuals, the RR of death due to respiratory disease was 0.71 (95% CI, 0.66-0.78) in the influenza season, but there also was an apparent effect in the periinfluenza season (RR, 0.8; 95% CI, 0.74-0.87).
Attributable rate differences were calculated for individuals 65-84 years of age in both risk categories, after standardization for age, sex, and repeat prescriptions. For low-risk individuals, the attributable rate reduction was 3.12 (95% CI, 2.43-3.81) per 100,000 person-weeks in the influenza season, compared with 0.58 (95% CI, Ϫ0.42 to -1.21) in the peri-influenza season; for high-risk individuals who were 65-84 years of age, the attrib- a Defined using general practitioner consultation rates for influenza-like illness that has been validated against the presence of circulating influenza virus in the same population [19] . In this surveillance system, the onset and the end of the influenza season occurred when consultation rates for influenza-like illness increased to у50 consultations/100,000 person-weeks and decreased to !50 consultations/100,000 person-weeks, respectively [19] . 
DISCUSSION
We have shown that, during a number of epidemic and nonepidemic years, rates of hospitalization for acute respiratory disease were, on average, reduced to 21% (95% CI, 17%-26%) when influenza vaccination was given to individuals 164 years of age after controlling for age and severity of underlying illness. For respiratory disease-associated death, the summary estimate was 12% (95% CI, 8%-16%). We estimated vaccine effectiveness during the influenza season to increase the specificity of attribution of death or hospitalization to influenza. In general, no reduction in risk of disease was seen among influenza vaccine recipients in the peri-influenza season, when influenza was not assumed to be circulating. This finding confirmed that the overall effect of vaccination on acute respiratory disease, in terms of the risk of hospitalization or death, is not the result of underlying differences in vaccinated persons and unvaccinated persons in this population. For respiratory disease-associated death, however, there was a suggestion of some residual confounding in high-risk individuals, because a lower rate of respiratory disease-associated death was seen among vaccine recipients, compared with individuals who were not vaccinated, in the peri-influenza and summer seasons. We used peri-influenza seasons as the baseline comparison, to assess the presence of unmeasured confounding. It is possible, however, that some of the deaths or hospitalizations that were associated with influenza occurred after the influenza season. A lag between the influenza season and outcomes was not assumed, because visual inspection of the numbers of deaths per week and the rates of admission to the hospital for acute respiratory disease indicated a peak occurring in association with the height of the epidemic period, by use of vital statistics in the United Kingdom [21] and data on admissions for acute respiratory disease in London, respectively [22] .
Influenza vaccine is assumed to be less effective in individuals who are infirm, because the immune response to vaccine is not as strong in such individuals; however, this is not well established [23] . If the peri-influenza season effect is taken as the baseline with which to compare the relative effect of influenza vaccination, the present study demonstrated a greater relative protective effect against death due to respiratory disease among individuals at low risk for influenza, compared with individuals at high risk for influenza (for low-risk individuals, the RR was 0.79, compared with an RR of 0.98 in the peri-influenza season; for high-risk individuals, the RR was 0.71, compared with an RR of 0.8 in the peri-influenza season). The results also support Figure 1 . Rate ratios (point estimates and 95% confidence intervals) for hospitalizations for acute respiratory disease, adjusted for repeat prescription status, for individuals vaccinated against influenza, compared with individuals not vaccinated against influenza, stratified by age group and season pooled over 9 years. A, Individuals at low risk for influenza; B, individuals at high risk for influenza.
an age-based policy for vaccination, because they confirm, for older people, the importance of influenza vaccination in reducing severe complications associated with influenza, regardless of underlying medical disorders.
Data for patients for whom information on smoking is available in general-practice records are known to be biased toward individuals with medical conditions [24] and individuals who are health-care seekers, and, so, they could not be used to control directly for confounding. Comparison of the effectiveness of influenza vaccine in the influenza season with the effectiveness of influenza vaccine in the peri-influenza season instead allowed control of unmeasured confounders, including both smoking and socioeconomic status, which would otherwise act to overestimate vaccine effectiveness. It is well known that individuals who receive influenza vaccination are less likely to smoke than are individuals who do not receive vaccination and that smokers are more likely to get influenza [25] . As with most preventive interventions, vaccination is less likely among b Defined using GP consultation rates for influenza-like illness that has been validated against the presence of circulating influenza virus in the same population [19] . In this surveillance system, the onset and the end of the influenza season occurred when consultation rates for influenza-like illness increased to у50 consultations/100,000 person-weeks and decreased to !50 consultations/100,000 person-weeks, respectively [19] . individuals in lower socioeconomic groups. Such individuals are also likely to have higher morbidity and mortality rates. Other research groups, which have controlled for unmeasured confounders by comparing effects in influenza seasons with effects in noninfluenza seasons, have shown a similar effectiveness of vaccine against hospitalizations for pneumonia and influenza. For example, in a US health maintenance organization (HMO) population, the effectiveness of vaccine against hospitalizations for pneumonia and influenza was 31% (95% CI, 4%-51%) in the influenza season of 1990-1991, compared with a vaccine effectiveness of 2% (95% CI, Ϫ39% to 31%) in the peri-influenza winter season of the same year [26] . A recent cohort analysis of 3 other US HMO populations also showed that the effectiveness of vaccine against admissions to the hospital for pneumonia and influenza in 1998-1999 was 32% (95% CI, 22%-40%). No significant reduction in the risk of hospitalization in general was noted in the summer [5] . Several other observational studies and a meta-analysis of observational studies performed in 1995 [27] have also noted a similar effect; however, in these studies, there were no comparisons with a noninfluenza season to exclude potential bias from unmeasured differences between vaccine recipients and individuals who did not receive vaccine.
A possible limitation is the specificity of respiratory diseaseassociated deaths as a marker of influenza-related death. Causeof-death data in the GPRD are, however, likely to be more specific than data on death certificates. GPs use their own judgment regarding the clinical information recorded. The immediate cause of the event is more relevant than the underlying cause, because the vaccine works by preventing acute respiratory illness and associated complications.
To allow generalizability, we calculated the rates of death or hospitalization that would be prevented by a program of influenza vaccination with full coverage. For example, a rough indication of the attributable rate reduction that is attributable just to influenza vaccination for hospitalizations can be calculated. The attributable rate reduction in the influenza season minus the attributable rate reduction in the peri-influenza season, multiplied by an average annual influenza period of 9.6 weeks in the 1990s, provides an estimate of 39.8 (i.e., [5. 44 Ϫ ) prevented hospitalizations/100,000 persons 164 1.29] ϫ 9.6 years of age/year, with a program of full vaccination coverage. In England and Wales, the effect of full influenza vaccination would be equivalent to 3300 prevented hospitalizations/year. The total expected number of excess hospitalizations associated with respiratory disease attributed to influenza, in England and Wales, is ∼9000 excess hospitalizations/year (or 125 excess hospitalizations/100,000 persons 164 years of age/year) [21] . This yearly average is based on national data for 1990-1991 to 1996-1997, when vaccine uptake ranged from 20% to 47% among individuals 164 years of age [28] .
In the present study, rates of hospitalization due to acute respiratory disease and all causes appear to be lower, by ∼20%, than national rates for this age group. Although this would not affect the relative effectiveness of the vaccine, it would underestimate the absolute rate reduction, as would the fixed number Figure 2 . Rate ratios (point estimates and 95% confidence intervals) for death due to respiratory disease, adjusted for repeat prescription status, for individuals vaccinated against influenza, compared with individuals not vaccinated against influenza, stratified by age group and season pooled over 10 years. A, Individuals at low risk for influenza; B, individuals at high risk for influenza. of beds available. Other studies find hospitalization data in the GPRD to be quite complete. For instance, 87% of diagnoses from all subsequent hospital referrals for new nonsteroidal antiinflammatory drug users and 97.5% of all subsequent hospitalization discharge letters for antidiabetic-drug users were noted in the GPRD [12, 13] . For 90% of the diagnoses, the same 3-digit ICD-9 code recorded at admission to the hospital was present in the hospital discharge letter. It is possible that some hospitalizations resulting in deaths of individuals in this age group may not be recorded. Sixty percent of death certificates for individuals 164 years of age are completed by hospital doctors [29] . However, in this data set, only 39% of individuals had a hospitalization during the month before death; 47% of individuals had a hospitalization during the 6 months before death (C. Hodgson, unpublished data).
In 1998-1999, vaccination seemed to have little effect against admissions to the hospital for respiratory disease; the reasons for this finding are unclear. The summary estimate was, how- a Defined using general practitioner consultation rates for influenza-like illness that has been validated against the presence of circulating influenza virus in the same population [19] . In this surveillance system, the onset and the end of the influenza season occurred when consultation rates for influenza-like illness increased to у50 consultations/100,000 person-weeks and decreased to !50 consultations/100,000 person-weeks, respectively [19] . ever, insensitive to the removal of data for 1998-1999. Pooled over 8 years, the summary estimate was 23% (95% CI, 18%-27%) in the influenza season and 3% (95% CI, Ϫ3% to 11%) in the peri-influenza season. The present study indicates an effect of influenza vaccine in preventing deaths due to respiratory disease. This finding is similar to the findings of 1 or 2 other studies. One of these studies, a US HMO cohort study with a total of only 100 deaths, found that the effectiveness of vaccine against death, following hospitalization for pneumonia and influenza, was 33% (95% CI, Ϫ7% to 58%) [30] .
The RR for death due to all causes, pooled over 10 years, was 0.79 (95% CI, 0.77-0.81) in the influenza season. It was similar to that seen in the peri-influenza season (0.81; 95% CI, 0.79-0.83). The estimate for the summer season was 0.88 (95% CI, 0.86-0.90). These findings are consistent with vaccine nonrecipients being more vulnerable to winter infections other than influenza. The RRs in the influenza and peri-influenza seasons were similar for all years except 1995-1996, when protection offered by the influenza vaccine against deaths due to respiratory disease was high (data not presented).
Other cohort studies have not compared the effect of the vaccine on death due to all causes in the influenza season with that noted for the peri-influenza season [31, 32] . Confounding by a healthy vaccinee effect is possible because, for instance, prevalence of smoking was lower and education level was higher for vaccine recipients, compared with individuals who did not receive vaccine, in one such cohort study [32] . We compared the effect of influenza vaccine in the influenza season with the effect of influenza vaccine in the peri-influenza season, to assess the possibility of bias resulting in overestimation of vaccine effectiveness. We also attempted to control for confounding by indication, whereby individuals at higher risk are more likely to be vaccinated, by using the number of repeat prescriptions as a marker of the severity of underlying risk conditions. However, it may be that there was still some unmeasured confounding that underestimated vaccine effectiveness against overall mortality. This residual confounding is likely to be the explanation for the higher rate of deaths due to respiratory disease seen among individuals 184 years of age (e.g., because many such individuals are in nursing homes, where vaccination coverage is much higher), compared with individuals at younger ages (or between 65 and 84 years of age).
In the present study, the specificity of influenza-associated death or hospitalization has been increased by limiting events to time periods when influenza has been shown to be circulating. Cold weather is thought to be a direct cause of excess morbidity and deaths occurring in the winter. Respiratory syn-cytial virus also often occurs at the same time that influenza occurs each year [33] . Analyses of the role of influenza vaccination controlling for climate and for climate-related factors would give an even more specific case definition for influenzarelated outcomes.
Using vital statistics for the 1990s, Fleming [21] observed that, during influenza epidemics, premature deaths of frailer individuals who would have died later during the year anyway were not occurring, to any extent, apart from during the epidemic year [1989] [1990] . People are therefore dying in the winter periods, and these deaths are preventable by use of influenza vaccine. It is not possible to predict epidemics, and vaccine effectiveness will vary depending on the "match" between circulating strains and the current vaccine used that year. During the study period here, a good match in general was achieved. Our estimate of the effect of influenza vaccine in a UK population, averaged over a number of epidemic and nonepidemic years, strengthens the case for influenza vaccination for all older people with or without underlying medical disorders.
